Using synchrotron X-ray scattering analyses and Fourier transform infrared spectroscopy, this work provides insights into the solvent effects of water: [C 2 − anion and water suppress the solvent effects on starch, making less easy the disorganization of starch than in pure water. All these differences can be shown by changes in the lamellar and fractal structures: firstly, a preferable increase in the thickness of the crystalline lamellae rather than that of the amorphous lamellae causes an overall increase in the thickness of the semi-crystalline lamellae; then, the amorphous lamellae starts to decrease probably due to the outphasing of starch molecules from them; this forms fractal gel on a larger scale (than the lamellae) which gradually decreases to a stable value as the temperature increases further. It is noteworthy that these changes happen at temperatures far below the transition temperature that is thermally detectable as is normally described. This hints to our future work that using certain aqueous ionic liquids for destructuration of starch semi-crystalline structure is the key to realize green processes to obtain homogeneous amorphous materials.
Introduction
With the utilization of renewable resources becoming the focus of industry, there has been huge interest in the design and application of innovative technology for converting these renewable feedstocks into desirable forms.
1, 2
Polymers from renewable resources have attracted great attention due to their availability, renewability, biocompatibility, and biodegradability. 3 Among these renewable polymers which are potential alternatives to traditional petroleum-based polymers, starch, as a biopolymer from agro-sources, has attracted intense interest especially for developing biodegradable plastics. 4 Regarding this, great efforts have been made to improve the processes to obtain starchbased products with desirable structure and better performance. [5] [6] [7] For utilization of starch, it is significant to understand the unique structure of starch. Naturally in plants, it exists in the form of granules (<1 μm~100 μm in size); each granule is composed of alternating amorphous and semi-crystalline shells (growth rings) (100~400 nm in size); and the semicrystalline shell is stacked by crystalline and amorphous lamellae (periodicity, 9~10 nm). Starch consists of two major biomacromolecules called amylose (mainly linear) and amylopectin (hyperbranched) (~nm). [8] [9] [10] [11] Native starch has low solubility in conventional solvents despite its highly hydrophilic nature due to strong hydrogen bonding between the strands of starch; although its 3D semi-crystalline structure may be slightly disrupted in excess of water at elevated temperatures, a process known as -gelatinization‖. However, while some starch molecules (mainly amylose) can be dissolved in water during gelatinization, there are always granule remnants present in the gelatinized products. 12 Therefore, when trying to obtain homogenous amorphous materials from starch, its insolubility presents an issue.
Ionic liquids (ILs), now commonly defined as salts having low melting points (<100 °C ), 13 have recently attracted much interest for aiding the processing of polysaccharides like starch. Many ILs, especially ones based on the basic anions, have been shown to be capable of dissolving biopolymers, 4 including starch. 14 When the effect of IL anions was investigated, the acetate anion, [OAc] − was identified as the most effective, [15] [16] [17] which follows Hofmeister series for anions. 18 Therefore, imidazolium acetate ILs can dissolve polysaccharides such as starch and thus can be used as excellent media for polysaccharide solubilization and modification. [19] [20] [21] [22] Moreover, the use of ILs could also allow the development of starch-based ionically conducting polymers or solid polymer electrolytes. [23] [24] [25] [26] [27] [28] [29] It is worth noting that many of the ILs used previously to dissolve starch contained anions with efficient basicity, but which were corrosive like [Cl] − anion (e.g., [C 4 mim][Cl]). 22 Besides the corrosiveness issue, macromolecular degradation of starch can be observed, 30, 31 due to the acidic hydrolysis of starch glycosidic bonds. Specifically, the reason for this degradation is the formation of HCl (as a result of the protonation of [Cl] − anion in the presence of moisture), which can catalyze the depolymerization of starch. 
32-34
The IL [C 2 mim][OAc] has very low vapor pressure, high thermal stability, and relatively low viscosity at room temperature, 33 and has been found to be much less aggressive for degrading starch. 34 Moreover, it has been found that the transition (gelatinization and/or dissolution) temperature and enthalpy of starch can be modulated by using [C 2 mim][OAc] mixed with different amounts of water. 32, 34 In particular, when a certain ratio of water:[C 2 mim][OAc] is used, starch can be transformed into a homogeneous gel at much reduced temperature close to room temperature (RT). 32, 34 While this provides a promising method for starch processing with much reduced energy input, the detailed mechanism that regulates starch transitions by water: [ willow, 38 and switchgrass 39 ) for the production of renewable fuels, chemicals and materials, which can be well probed using analytical tools spanning multiple length scales including spectroscopies, 40 and small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) techniques. 41 We 
Experimental

Materials
Waxy maize starch, with an amylose content of 3.4 wt% (measured by Tan et al. wt/wt) could be easily prepared in vials for subsequent studies (Table S1 ). These weight ratios correspond to mole ratios of 90.8:1, 23.6:1, 10.2:1 mol/mol, also presented in Table S1 . The purity and water content of the chemicals were considered for mole ratio calculations. Anhydrous sodium acetate (NaOAc), ≥ 99% purity, was supplied by Sigma-Aldrich Pty Ltd (Castle Hill, NSW 1765, Australia).
Please note that the solutions with more than 50 wt% [C 2 mim][OAc] have not been used in this work due to the their ability to rapidly change the starch structure without any thermal treatment, which made the synchrotron work difficult. However, this phenomenon will be investigated in follow-up studies.
Differential scanning calorimetry (DSC)
A TA Q2000 DSC (TA Instruments, Inc., New Castle, DE, USA) was used to investigate the thermal Table S1 ). The starch suspensions were injected into quartz capillaries of 1 mm diameter (Hilgenberg Gmbh, Germany), which were then placed on a multi-capillary hot-stage provided by the Australian Synchrotron. After equilibration at 28 °C, the starch suspensions were heated from 28 °C to 66 °C (slightly higher than the onset gelatinization temperature (T o ) of the starch in pure water) at a rate of ca. 1 °C/min, and the SAXS/WAXS data were recorded every 2 °C for an acquisition time of 1 s. Furthermore, the SAXS/WAXS patterns were also recorded for all the three samples at 74 °C and 76 °C , when the starch in 10.2:1 mol/mol solution was fully destructured.
SAXS data recorded from 28 to 66 °C were fitted using a power-law (Gaussian) function, as shown in Eq. (1) below.
where the first term B is the background; the second term is the power-law function where P is the power-law pre-factor and α is the power-law exponent; the third term is a Gaussian function where A is the peak area,
) the full width at half maximum (FWHM, a reciprocal space parameter indicating the polydispersity of the semi-crystalline lamellae) in reciprocal space, and q 0 (Å −1
) the peak center position. 45, 46 Data fitting was performed using least-square refinement in the NCNR analysis macros. 46 The fitting curve for the starch in pure water at 28 °C, by way of an example, is shown in Fig. S1 . The FWHM in reciprocal space was converted to that in real space using Eq. (2):
The linear correction function L(r), as given in Eq. (3) (below) and Fig. S2 , was used to study the parameters of the starch lamellar structure. were also fitted using Eq.
(1) to obtain the power-law exponent α (re-represented as α 1 ), and the data in the range of q < 0.045 Å −1
were fitted using an unified model (Eq. (4)) to the power-law exponent δ:
Here, G is the pre-factor of the Guinier function corresponding to a radius R g , and C and δ are the pre-factor and the exponent of the power-law function, respectively.
Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy
Infrared spectra were collected for the water: for a total of 64 scans for all the samples. ATR-FTIR spectra were baseline corrected and normalized before further analysis.
Results and Discussion
Differential scanning calorimetry (DSC)
For understanding the thermally induced transitions of a polymer, differential scanning calorimetry (DSC) is the most suitable technique. Thus, the DSC thermograms for waxy maize starch (10 wt% concentration) suspended in pure water and 90.8:1 and 10.2:1 mol/mol solutions were studied (see structural perspective, which would promote the rational application of water/IL solutions in using starch polymers with controllable transition behavior and resulting material structure and properties. 
Temperature-resolved wide-angle X-ray scattering (WAXS) analysis
Different types of starch show different WAXS patterns determined by their crystalline regions. (Cu K α 2θ: 15°, 17°, 18° and 23°). 48, 49 With the temperature increased to 66 °C, an apparent gradual reduction in WAXS peak intensities could be observed for the starch in pure water. The 10.2:1 mol/mol solution resulted in more prominently reduced peaks, whereas the least significant weakening of the peaks was seen 
Temperature-resolved small-angle X-ray scattering (SAXS) analysis
The temperature resolved SAXS patterns (contour maps) and their surface patterns for the starch in pure water and 90.8:1 and 10.2:1 mol/mol solutions are shown in Fig. 3 . A typical SAXS peak could be observed at q of 0.06 to 0.07 Å −1
, corresponding to the semi-crystalline lamellar structure of starch. The change of this scattering peak can indicate the disruption of semi-crystalline lamellae during thermal treatment. 48, 52, 53 Fig . 3A and 3B show that, for the starch in pure water, heating resulted in reduction in peak region intensity, especially steep decreases at about 47 °C and 61 °C, in the sub-melting temperature range (< T o ). In contrast, for the starch in the 90.8:1 mol/mol solution, the peak region intensity decreased more gradually from 45 °C , before T o ( Fig. 3C and 3D ). When the concentration of [C 2 mim][OAc] was increased to 50 wt% (10.2:1 mol/mol), the transition in the sub-melting temperature range (< T o ) occurred at largely reduced temperature (from 39 °C), as compared to those with pure water, with the peak becoming negligible at 66 °C ( Fig. 3E and 3F ). The changes in α (the power-law exponent in Eq. (1)) for the starch in different solutions are shown in Fig. 5A . α ranged from 1 to 3 for the starch in three solutions at 28 °C. α values in this range are normally associated with a mass fractal (self-similar) structure and/or a lamellar structure. 55 Before T o , the lamellar structure should be mostly retained and thus its contribution to α should be the same. 55 Therefore, α was mainly associated with the formation of fractal structure here. With increased temperature, the starch in pure water displayed an unchanged α value until 52 °C ;
then increased, presumably due to the appearance of a mass fractal structure. This is also supported by the observation in Fig. 3B : when the temperature was higher than 52 °C, the scattering at q values lower than the peak position showed gradual increase with increased temperature, indicating the formation of a larger-scale structure (than the lamellae). Meanwhile, the scattering peak showed reduced intensity, suggesting the disordering of the semi-crystalline lamellae. Thus, it is reasonable to suppose, even in the sub-melting temperature range (< T o ), water could partially disorder the semicrystalline lamellae, phasing out starch molecules to form a fractal gel on a larger scale. an overall thickness increase of the semi-crystalline lamellae for the starch in all three solutions.
Once the temperature exceeded the FWHM onset point, the decrease in FWHM should be due to further increase in thickness of mostly the relatively smaller lamellae. This phenomenon was more intensive for the starch in the 10.2:1 mol/mol solution.
It is noteworthy that for the starch in different solutions, the onset temperature for the FWHM to decrease was the same as that for α to increase (see Fig. 5A ), indicating the co-occurrence of the change in lamellar size distribution and the formation of mass fractal gel after the onset temperature.
In addition, both α and FWHM showed a large shift from 60 °C to 62 °C (see Fig. 5 ), especially for the starch in pure water and the 10.2:1 mol/mol solution, suggesting dramatic changes in the lamellar size distribution and the formation of mass fractal gel structure at a specific temperature. This could be verified by a sharp decrease in the peak intensity and area and a steep increase in the scattering at q values lower than the peak position at ca. 60 °C (see Fig. 3 and respectively. All these temperatures were lower than the corresponding onset temperatures for α or FWHM (see Fig. 5A and 5B). Additionally, Fig. 6C shows that for the starch in the 10 
Wide-and small-angle X-ray scattering (WAXS/SAXS) analysis for gel features
To further investigate the solvent effects of different water:[C 2 mim][OAc] solutions on the destructuration of starch, the WAXS and SAXS patterns of the starch in these solutions were recorded at 76 °C (Fig. 8A ), higher than the T o values. As shown in the WAXS results in Fig. 8A (compared with Fig. 2 ), the starch should predominantly display a gel feature at 76 °C. While both pure water and the 10.2:1 mol/mol solution made the starch crystallites undetectable, the starch in the 90.8:1 mol/mol solution still displayed weak residual peaks (indicated by the arrows in Fig. 8A ). In addition, for the starch in both pure water and the 90.8:1 mol/mol solution, a peak could be seen on the SAXS patterns ( Fig. 8B and 8C ), suggesting that 76 °C was not high enough to destroy the starch lamellae in the pure water and the 90.8:1 mol/mol solution. Nevertheless, the 10.2:1 mol/mol solution could fully melt the semi-crystalline lamellae at 76 °C (Fig. 8D) . A more apparent inflection of the SAXS pattern at low q values was observed for the starch in the 10.2:1 mol/mol solution than those for the other two samples (pure water and the 90.8:1 mol/mol solution) (Fig. 8) . This inflection correlates to the Guinier scattering behavior (i.e., a structure with a certain radius of gyration (R g )).
56 R g actually corresponds to the size of fractal aggregates (gel). 
Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy for molecular interactions
The potential of ILs as solvents for naturally-derived polymers such as cellulose has been widely reported. [59] [60] [61] [62] It has been suggested that basic IL anions (chloride, 59, 63 hydroxide, . The ionic liquid solutions only showed differences in the FTIR when starch was added when the concentration of water was very low which we attribute to the ability of the acetate to still interact with the starch because there was not enough water to solvate both the starch and the acetate; this solution was slightly more effective in changing the starch structure. In the high water concentration we had no differences in the IR before or after starch was added because there was enough water to completely solvate both the starch and the acetate, preventing any interaction between them. This in turn made the solution less effective in changing the starch structure and the starch transition temperature higher.
The results from present work should be of value in rational development of new green methods based on water-IL solution to process semi-crystalline natural polymers (e.g., dextrin, cellulose, and xylan), other than starch, containing hydroxyls (involving strong inter-and intra-molecular hydrogen bonding) for industrial applications. 
